We combine the notion of asymptotic safety (AS) with conformal invariance in a hidden sector beyond the Standard Model. We use the renormalization group (RG) equations as a bridge to connect UV boundary conditions and EW/TeV scale physics and furnish a detailed example in the context of a leptophobic U (1) model to address the diboson excess recently observed at the LHC. Investigating a broad selection of UV boundary conditions corresponding to differing AS scenarios, we find that AS scenarios have very strong predictive power, allowing unique determination of most of the parameters in the model. We obtain the interrelationships among the couplings, the transition scale of the fixed point MUV and the generations of quarks coupled to the Z , and especially the correlation between MUV and the top quark Yukawa coupling Yt. We find one of the AS boundary conditions provides a diboson excess of around 4 fb, which is close to the current best fit value. In addition, this model also admits fermionic vector-portal dark matter with a mass around M Z /2.
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I. INTRODUCTION
According to Bardeen's insight, conformal symmetry as a custodial symmetry can protect the Higgs mass from large UV contributions [1] , addressing the naturalness problem [2] . Such a possibility can be realized if the conformal symmetry is only softly broken and is restored sufficiently quickly, requiring the couplings to run to a fixed point at a high energy scale [3] . Moreover, the Coleman-Weinberg (CW) mechanism [4] can dynamically generate natural scale hierarchies between the unification scale and the electroweak (EW) scale, through dimensional transmutation as in QCD [5, 6] . In this article, we make a connection between the fixed point required in the (quantum) conformal scenario and the notion of asymptotic safety (AS), which also requires a fixed point and was originally proposed to make the Standard Model (SM) and gravity valid up to arbitrarily high energy scales without any singularities [7, 8] .
Since there is no non-trivial fixed point within the SM, the requirement of a fixed point within the conformal scenario provides an excellent motivation for extending the SM. Although different versions of the SM extensions with classical conformal symmetry have been proposed in the literature [9, 10] , none have incorporated AS.
In this article, we implement the AS principle in conformal hidden sector models and apply this formalism to the detailed example of a leptophobic U (1) model, and explore some phenomenological applications. This model is introduced in section II. We regard asymptotic safety as providing deep motivation for the existing non-AS flat scenarios proposed in [11] , with an emphasis on the fixed points of the scalar couplings below the singularity to avoid Landau poles and provide a stable Higgs vacuum. We provide a categorization of different AS scenarios according to the gravity contribution to the RG functions above Planck scale. We use the RG equation as a bridge to connect the UV boundary conditions to EW/TeV scale physics and explore implications for SM observables. The predictive power of AS scenarios implies that most of the parameters in the model are uniquely determined, thereby providing interesting interrelationships among the couplings, the scale of the fixed point (transition scale) M U V , and the generations of quarks coupled to the U (1) gauge field. Furthermore, it is not necessary to associate the the transition scale M U V with the Planck scale; indeed we find that M U V is very sensitive to the top quark Yukawa coupling Y t , and for a fixed Y t there exists an interesting range of values for M U V . The details of the RG equation analysis are in section III.
Section IV contains an application of these techniques to the potential diboson excess at the LHC [12, 13] . A diboson excess occurs naturally in the AS scenarios we explore, although it does not always match the experimentally observed value. In addition, we find diboson excesses are also sensitive to Y t and correlations among M U V , Y t and diboson excesses are provided. We find one of the AS boundary conditions provides a diboson excess of around 4 fb, which is close to the current best fit value of 5 fb [14, 15] . This requires a top quark Yukawa coupling Y t = 0.954 which is consistent with current bounds (see e.g. [16] ), and a transition scale M U V = 1.85 × 10 11 GeV, which is much lower than the Planck scale. Note that to avoid large threshold contributions to the Higgs mass, we assume there is no extra-heavy particles at the transition scale M U V . The model also admits the possibility of a dark sector that interacts with the U (1) gauge field through a purely vector coupling. We provide a brief discussion of the potential of this model to address the dark matter problem in section V. Our results are summarized in section VI.
II. MODEL BUILDING
We investigate the conformally symmetric complex singlet extension of the SM with an extra U (1) gauge symmetry. The Lagrangian of the scalar sector is written as
where H is the SM Higgs doublet, S is the complex singlet and D µ is the extended covariant derivative. In the basis where the two U (1) gauge kinetic terms are diagonal, the covariant derivative term is written as [11, 17] 
where g 3 , g 2 , g Y and g are the gauge couplings of SU (3) c , SU (2), U (1) Y and U (1) respectively. The quantities Y and Q B denote the U (1) Y hypercharge and the U (1) charge. We make explicit the mixing term proportional to g m that couples the B µ field to SM hypercharge Y . Dilepton constraints on new neutral gauge bosons are stringent, so we would like to avoid coupling the U (1) gauge group to SM leptons, making the model leptophobic. Because we would like to focus on a leptophobic variant, we choose a special case of the gauge group U (1) B−xL where x = 0 and the gauge group in our case can be denoted U (1) B with charge Q B [18] . Inclusion of a new gauge group generates a new set of perturbative anomalies. To cancel these anomalies, we include several particles charged under the new gauge group U (1) B . In particular, we require a right handed neutrino ν R and two 'spectator' fermions ψ l L and ψ e L that are vectorlike under the SM gauge group. The neutrino also couples to the singlet field through a Majorana Yukawa-type term [11, 18] :
. These spectator particles have no effect on the phenomenological conclusions.
For convenience, we list the charge assignments of the U (1) B model in Table A . A more general set of charge assignments can be found in [18] . 
III. RENORMALIZATION GROUP ANALYSIS
At a particular high energy scale, gravity will affect the SM running coupling (see [7] for more details):
For SM gauge couplings and the top quark Yukawa coupling, it has been shown that the gravity contribution to the RG functions is negative i.e. β grav j < 0 [7] . Thus, all SM gauge couplings and top Yukawa coupling are asymptotically safe and valid to arbitrarily high energy scales. However, for the SM Higgs quartic coupling, the gravity contribution is positive i.e. β grav λ1 > 0 [19] . Thus, to realize the asymptotic safety scenario, we require the Higgs quartic coupling λ 1 to reach a fixed point i.e. λ 1 (M U V ) = 0, β λ1 (M U V ) = 0, which provides a stable Higgs vacuum. In the complex singlet extension of the SM, the boundary conditions at the transition scale can be categorized according to the gravity contribution to the singlet quartic and Higgs portal running couplings λ 3 and λ 2 respectively. For β grav λ2 > 0, this implies the fixed point conditions λ 2 (M U V ) = 0, β λ2 (M U V ) = 0; however, β λ2 (M U V ) = 0 is not consistent with (7) and (11) . From Eq. (10),
, g will be negative below the scale M U V since β g > 0, while if g m (M U V ) = 0, the coupling λ 2 will run very slowly from M U V to the EW scale, leading to a λ 2 at EW scale too small to satisify (7) and (11) .
We therefore only consider β grav λ2
< 0. Although λ 2 consequently need not run into a fixed point at M U V , it might still be of interest to consider λ 2 (M U V ) = 0 as one of the conditions where the Higgs portal interaction is purely radiatively generated. We therefore focus on the following three boundary conditions corresponding to different AS scenarios and quantum conformal symmetry:
where the UV scale Λ ≡ M U V is not necessarily the Planck scale M pl . The cases (4), (5), (6) respectively correspond to β
< 0. We will work for the most part with (4), which is particularly interesting because it has the strongest predictive power of the three scenarios, determining all parameters in the model.
In scenario (4), radiative symmetry breaking first occurs in the singlet sector at a very high energy scale v 1 through the CW mechanism [4] and then is communicated to the Higgs sector to trigger EW symmetry breaking associated with a small Higgs portal interaction (inversely proportional to v 1 ). We are thus able to study these two sectors separately. [20, 21] , we obtain
where M H = 125 GeV is the Higgs mass and λ 1 , λ 2 are evaluated at the EW scale.
To realize radiative symmetry breaking in the singlet sector, we consider the one loop RG improvement of the singlet effective potential
where t ≡ log (ϕ/v 1 ) with the renormalization scale at the VEV of the singlet,
dt γ (t ) and λ 3 (t) is the running singlet self-coupling. The VEV condition of the singlet is defined by
where t=0 corresponds to the singlet broken scale v 1 . The RG functions are obtained using the formula in [11] with charge assignments in Table A and the assumption that Z only couples to the first generation of quarks (discussed below) while the anomalous dimension is provided in [22] . At one loop level for the beyond-SM part and three loop level for the SM part, they are written as:
where β SM λ1 and β
SM
Yt are the three loop SM RG functions provided in [23] . Three-loop SM RG functions are necessary because higher-loop contributions from the top quark Yukawa coupling Y t are too large to be ignored, while the effects of hidden-sector couplings are small enough to be well-approximated by the one-loop RG functions. We also include a 2 TeV Z mass constraint inspired by the potential experimental signal [12, 13] 
Note that although we have chosen M Z to align with the LHC diboson excess, our analysis is quite general, and if future experiments see evidence for different Z candidates, Eq. (11) could alter our inputs accordingly. We now solve the RG equations with the U V boundary conditions (4) using the RG functions (10), reducing the system of nine unknowns ( the constraints (7), (9), (11) . Our solutions are shown in I of Table B . Interestingly, we find M U V ∼ M pl and the predicted Y t = 0.93 to be very close to the current experimental central value Y c t = 0.936 [23] . We plot the running scalar couplings from the EW scale to the Planck scale in Figure 1 . To satisfy the boundary condition (4), Z can only couple to at most two generations of quarks, a point also emphasized in [11] for the U (1) B−L model. This is because, the more generations of quarks the Z couples to, the larger β g would be. A large β g leads to the fast running of λ 3 , which is not consistent with the slow running of λ 3 required to satisfy the boundary conditions (4), as illustrated in Figure 1 . Thus, we assume Z only couples to the first generation of quarks. While it might be interesting to assume Z only couples to the third generation of quarks, this would heavily suppress the Z production rate at the LHC, making the model inconsistent with the diboson excess.
The singlet quartic coupling λ 3 , from the Planck scale to the EW scale, runs from positive to negative. The transition point where λ 3 runs to zero defines the singlet breaking scale v 1 by the CW mechanism [4] , a point also emphasized in [10] . It might seem surprising that the singlet quartic coupling can run to negative values. However, the true effective coupling defined as λ ef f = In addition, we are able to show that the singlet mass predictions in both MS scheme and CW scheme are different by 2%, implying the consistency of both schemes.
IV. DIBOSON EXCESS
Recently the ATLAS collaboration reported excesses in the search for a resonance that decays into a pair of standard model (SM) gauge bosons [12] . The narrow width excesses were observed around 2 TeV in the W Z, W W and ZZ channels, with local significance of 3.4σ, 2.6σ, and 2.9σ respectively [12] . Interestingly, at around 1.8 TeV the CMS collaboration also observed excesses in the dijet distributions with a significance of 2.2σ [13] . Other ideas have been proposed to address these excesses [14, 15, 24] . Although the excesses reported by the ATLAS collaboration are in the W Z, W W and ZZ channels, the ability to accurately distinguish between gauge bosons is still very limited, implying the possibility that a new 2 TeV particle contributes to only one of the channels, with the peaks in the other channels being contaminations due to incomplete tagging selections (see e.g. [14] for a very clear description). Based on this idea, in this article we only focus on the excess in the ZZ channel, where Z models become excellent candidates [18, 25, 26] .
Using the results from section III, we can study whether or not this conformal U (1) model in an AS scenario can account for the diboson excess. The production cross section of Z at the LHC8 is estimated to be in the narrow resonance approximation [14, 25, 26] 
where the Z decay modes to quarks are given by [14] . For the diboson decay mode, we have [14] 
where Y H is the hypercharge of the Higgs field. The mixing angle of Z and Z is strongly constrained by electroweak precision measurements. In our leptophobic model, this constraint is sin θ ≤ 0.008 [27] and our coupling solutions are in comfortable agreement with the constraint. Using (12) and (13) with the coupling solutions shown in I of Table B , we obtain σ (pp → Z ) × BR (Z → WW) = 0.034 fb which is a hundred times smaller than the best fit of around 5 fb [14, 15] indicating a tension with the large diboson excess at 2 TeV.
A larger diboson excess requires large (g , g m ), especially a large g m , in tension with the conditions λ 2 (M U V ) = 0 and λ 3 (M U V ) = 0 in (4). To satisfy the condition λ 2 (M U V ) = 0, since the running coupling λ 2 is governed by (g , g m ), a large (g , g m ) will lead to a large Higgs portal interaction λ 2 which results in a small singlet VEV using Eq. (7). A small singlet VEV will be too small to provide a 2 TeV Z mass since M Z = 2g (t) v 1 . Moreover, a larger (g , g m ) will force the singlet quartic coupling λ 3 to keep increasing rather than run into a fixed point at M U V , violating λ 3 (M U V ) = 0. Thus, to satisfy Eq. (4), small (g , g m ) are required.
To overcome this tension, we consider the alternative boundary condition (5) . In this case, we arbitrarily set Y M = 0 since it only governs the running of λ 3 and does not affect other parameters in the model. We also input very a small g . Only by setting Y M ∼ 0 will the vacuum in the singlet sector be UV stable and IR unstable, consistent with radiative symmetry breaking in the singlet sector. The system has seven unknowns (λ 1 , λ 2 , λ 3 , g , g m , S , M U V ), where we choose M U V as the output and Y t as the input to illustrate the sensitivity between the unification scale and the top quark Yukawa coupling. Using the constraints (7), (9), and (11), we are able to simplify the system to a problem of finding the three unknowns (g m , S , M U V ). The boundary condition (5) provides two constraints and one more constraint is necessary to fully determine the system. We find for a particular input Y t , there exists a range for M U V . For g m /g 1, we obtain the maximum M U V while for g m /g 1 we obtain the minimum M U V . We choose the extra constraint that the system provides the minimum M U V with a particular input Y t , thereby uniquely determining all parameters. Note that when g m /g 1, we also have the maximum diboson excess. Although we want g as small as possible, we can not directly set g = 0 since it breaks the condition (11). Instead we set g = 0.0001, and find that from g = 0.001 to g = 0.0001, M U V varies less than 0.1%. The correlation between the input value of Y t and the corresponding M U V is depicted in the blue curve in Figure 2 , indicating M U V is very sensitive to Y t . In addition, using (12)(13), we also obtain the correlation between the input value of Y t and the corresponding diboson excesses shown in the purple curve (the upper one is for Z coupled to one generation of quarks while the lower one is for three generations) in Figure 2 . With input Y t = 0.954 which is 2% larger than the central value Y c t = 0.936 [23] and is viable (see e.g. [16] ), we obtain the diboson excesses at 4 fb which is very close to the best fit value of 5 fb [14, 15] 
V. VECTOR-PORTAL DARK MATTER
The model admits a Dirac fermion charged under U (1) that can act as cold dark matter. We briefly discuss the properties of such a fermion χ in that context. The coupling between the fermion and the Z will be governed by the U (1) universal gauge coupling g and the U (1) charge of the χ, which we take to be unity for simplicity. We also assume for simplicity that the fermion χ only has vector interactions with the U (1) gauge field. The Z will interact with quarks through their vector and axial U (1) and U (1) Y charges. The basic form of the interaction is [28, 29] , where the vector and axial charges are v i and a i . For each of the scenarios presented in Table B , using the charges in Table A , we compute the thermally averaged annihilation cross section of the dark fermion χ (using only the dominant contribution of χχ → Z → qq; the cross section has been reported in [29] ) and compare these cross sections to the annihilation cross section required to reproduce the observed dark matter abundance as estimated in [30] . Thermal averages of cross sections were computed using the results of Gondolo and Gelmini [31, 32] 
In the above, K 1 (x) and K 2 (x) are modified Bessel functions of the first and second order. The freeze-out temperature is T f and the mass of the annihilating particle is m. In the integrand, σ(s) is the relativistic cross section as a function of the Mandelstam variable s.
The cross sections for scenarios I and III are plotted in Figure 3 for a range of dark fermion masses m χ using the couplings in Table B . The small couplings g in the scenarios IIa and IIb prevent them from reproducing the required abundance in this model. These results are largely insensitive to the properties of the right handed neutrinos included in this model. Our results indicate that the dark fermion χ can satisfy the required abundance constraints to be a thermal relic in a mass region around M Z /2. Using the expressions for the nuclear recoil cross section in [29] , we find this resonance is only slightly above the mass range ruled out by the XENON100 experiment [33] . If our model is correct, a signal should be seen by the next generation liquid noble gas detectors [34] . We note that the conformal boundary conditions and the thermal abundance constraints have reduced the parameter space to a pair of points for each scenario. This level of predictivity is uncommon in phenomenological studies of WIMP dark matter. Table B are plotted against the fermion mass mχ. Also included is the cross section required to reproduce the observed cold dark matter abundance, following the estimation procedure in [30] . The markers + indicate lower bounds on the fermion mass from XENON100 for scenario I.
VI. DISCUSSION AND CONCLUSIONS
In this work, we have made a connection between the fixed point required in the (quantum) conformal scenario and the fixed point in an asymptotic safety theory to study an asymptotically safe conformally symmetric hidden sector. To connect with the phenomenology, we have employed a particular U (1) leptophobic model as a practical realization of this idea, which itself is very broad and far reaching. The information of different AS scenarios is encoded in the UV boundary conditions. Table B categorizes the different AS scenarios we explored. Their strong predictive power allows determination of most of the parameters in the model and allows us to find their interrelationships, especially the correlations among M U V , Y t and diboson excesses. We have shown different UV boundary conditions can substantially affect electroweak/ TeV scale physics, via the very different coupling solutions as shown in Table B . We find that one of the AS scenarios IIb can explain diboson excesses of 4 fb albeit with a slightly larger top Yukawa coupling Y t = 0.954 and a much lower unification scale M U V = 1.8 × 10
11 GeV. In addition, this model also admits predictive fermionic dark matter with a mass around 1 2 M Z as a minimal extension. We emphasize that the results of of Table B 
